Abstract. Fission process is strongly influenced by entrance channel dynamical variables. Among these, the nuclear charge product, mass asymmetry and deformation play important role in fission dynamics. Reaction characteristics are distinguished by investigating the properties of fission mass and angular distributions. Experiments using actinide targets are challenging due to many conflicting results making unambiguous identification of quasi-fission difficult. At IUAC accelerator facility many experiments have been performed to make a systematic study of fission mechanism and role of entrance channel parameters and deformation. Fragment mass distribution, angular distribution and neutron multiplicity measurements are performed to study reactions using spherical and deformed targets.
Introduction
One of the key problems in heavy ion collision is to understand what are the important variables governing the dynamics of colliding heavy nuclei at various energies. In collisions where heavy partners are involved, it is observed that quasi-fission(QF) is a competing process that hinders complete fusion and subsequent formation of residues of heavy nuclei. At high excitation energies process like fast fission dominates and their contribution found to be negligible at moderate excitation energies. The dynamics of the fusion process is strongly influenced by many entrance channel properties such as charge product of nuclei (Z p Z t ), mass asymmetry (α), deformation of nuclei (β), shell effects and collision energy [1] [2] [3] . Classically, QF has been observed in high fissile systems with Z p Z t > 1600. However there are reaction systems reported where QF were observed in lighter system with Z p Z t ∼ 800 [4] . Mass asymmetry and deformation found to be the factors influencing the onset of QF in such light systems. For example, the variance of the mass distribution of fission fragments found to be larger in 19 F+ 197 Au and 30 Si+ 186 W reactions as compared to 12 C+ 204 Pb, though all of them formed the same compound nucleus(CN) 216 Ra at similar excitation energies [4] . This was attributed to presence of quasi-fission in former two reactions whose entrance channel mass asymmetry (α) is lower than the critical mass asymmetry α BG (Businaro Gallone mass asymmetry for maximum potential energy). It was reported that, more symmetric systems with mass asymmetry lower than the critical mass asymmetry evolves through QF process. On the other hand, asymmetric reactions with mass asymmetry larger than critical mass asymmetry leads to e-mail: sugathan@iuac.res.in compact compound nucleus equilibrated in all degrees of freedom. Apart from mass asymmetry, deformation of the nuclei also played role in fission dynamics. Reactions involving deformed target showed anomalously large angular anisotropy and enhancement of mass variance at low energy [5] [6] [7] [8] . The anomalously large mass variance and angular anisotropy below barrier energies are reported to be due to orientation dependent QF.
Experimental investigation of mass and angular distribution of fission products is the most commonly employed method for identifying compound and non-compound nuclear processes. According to standard statistical model of fission, the mass distribution of fission products follow Liquid Drop Model (LDM) predictions showing symmetric mass distribution and the width of mass distribution vary smoothly as a function of excitation energy. For angular distribution, the basic assumption is that K (the projection of angular momentum on symmetry axis) is fully equilibrated at the saddle point and a symmetric angular distribution indicates the decay from an equilibrated system. However for any non-compound process such as QF, mass asymmetry and K degree of freedom may not be fully equilibrated before the fission, resulting in large mass width and angular anisotropy deviating considerably from model predictions. Large angular anisotropies observed in fission involving actinide targets have been attributed to presence of either fission before K equilibration, i.e pre-equilibrium fission(PEF) or the quasi-fission [9] [10] [11] [12] [13] [14] . Presence of QF signify less chance for evaporation residue(ER)formation and one expect reduced ER cross section in such reactions. Another distinct feature of QF is the strong mass angle correlation that has been clearly observed in systems involving heavy projectiles [1] . Though reason for large mass width and anisotropy have been attributed to QF, the identification of the reaction process is not always unambiguous. For example in reaction 16 O + 238 U around barrier energies, large mass width and anisotropy have been observed, but no suppression of ER observed [3, 7, 15] . So unambiguous identification of QF events becomes a challenging task, especially when lighter projectiles are involved in low Z p Z t systems.
Another interesting property of fission is the presence of asymmetric fission in low energy fission of actinides and pre-actinides due to the shell effects. There is strong evidence of multi-mode nature of fission, where a transition from asymmetric to symmetric mass division occurs as excitation energy is increased [16] [17] [18] . Mass distribution from such system will reflect contributions from both symmetric and asymmetric mass components. Hence presence of multi-mode fission makes the mass distribution different than single Gaussian at low energies.
In a series of experiments carried out at IUAC heavy ion accelerator facility [19] , we have further extended the study of fission properties by measuring fragment mass and angular distributions from fission induced by medium light projectiles on spherical and deformed targets [20, 21] . The reactions were chosen to identify the role of deformation as well as mass asymmetry influencing the fission properties in these reactions.
Experiments
Experiments were performed using 11 19 F + 238 U. Pulsed beam of ∼ 1.5 ns time width and 4 MHz repetition rate were used in all time of flight measurements. Targets with typical thickness of ∼ 110 µg/cm 2 were prepared on carbon backing ∼ 20 µg/cm 2 . For mass distribution measurement, a pair of multi-wire proportional counters (MWPCs) were used inside the 1.5m diameter scattering chamber to collect FF in coincidence. Experimental setup and data analysis details are given in Ref. [20] . The data were analyzed to extract mass-angle correlation, mass ratio distribution and variance of mass distribution. From position and time signal, velocity components were reconstructed and mass ratio distribution was extracted from velocity components. Full momentum transfer condition was applied to separate transfer induced fission events. The extracted mass ratio(M R ) distributions were fitted by Gaussian distribution at all energies and corresponding mass variance obtained. figure 2a . As the excitation energy decreases, the mass variance falls in relation to energy until it increases again at low excitation energy. Similar increase of mass variance at below barrier energy has been reported in system involving deformed target which has been attributed to onset of QF due to orientation effect [7, 8] . However in the present reaction, QF is minimal as there is no evidence of other signatures of QF here. No mass-angle correlation was observed in this reaction. The angular distribution data for 19 F + 208 Pb as displayed in Fig. 2b already showed normal anisotropy as expected in complete fusionfission reaction [22] . A systematic evaluation of data from mass distribution of nearby light actinide nuclei showed that, the presence of asymmetric mass division at low excitation energy could be the reason for broadening of mass width [20] . The nuclei in this mass region showed multimode nature of fission, where there is a transition from symmetric mass division to asymmetric division as the excitation energy is decreased [16, 23, 24] . The origin of multi-mode fission has been attributed to the shell structure of fragments [25] [26] [27] [28] . 
Mass distribution from reaction

Shell effects in mass distribution of
12 C + 238 U
The importance of shell effects in fission mass distribution was highlighted in a recent paper where mass distribution from compound nuclei 242−247 Cf was compared against different entrance channels [29] . Mass distribution of reaction 12 C+ 235 U around barrier energies showed flat top distribution signifying contribution of more asymmetric fission components in this channel as compared to other reaction such as S+Pb. The mass-asymmetric component here was attributed to low excitation energy fission due to multi-chance fission. This observation has been validated with detailed theoretical model calculation using GEF code which predict the fraction of asymmetric fission considering shell effects at low excitation energies quite well [30] . From one of our earlier measurement at IUAC, we have already reported the mass distribution of reaction 12 C+ 238 U forming CN 250 Cf and compared with another reaction 18 O+ 232 Th at around barrier energies [31] . A detailed re-analysis of low energy data from 12 C+ 238 U showed flat-topped non single Gaussian mass distribution in the fission of CN 250 Cf clearly demonstrating the presence of asymmetric fission arising from shell effects of fragments. The experimental mass distribution from reaction 12 C+ 238 U at lowest energy along with GEF prediction is depicted in figure 3 . The prediction of GEF calculation when multi-chance fission is included matches closely with experimental data that can be described well by double Gaussian fitting.
Fission study on
11 B, 19 
F + 238 U reactions
The reaction 11 B+ 238 U −→ 249 Bk * was performed using pulsed 11 B beam with energy varying from 52 MeV to 66 MeV. Fission fragments were detected in coincidence by placing MWPC pairs at folding angles. The forward detector was placed 35 cm away from target and kept 40
• with respect to beam whereas the backside detector was placed 27 cm at 130
• . For reaction 19 F+ 238 U −→ 257 Md * , 19 F beam energy was varied from 92 MeV to 120 MeV and MWPC detectors were placed at corresponding folding angles. Event by event data analysis were performed using velocity reconstruction method as described before. 
Mass distribution
For both reactions, mass-angle-distribution(MAD) have been extracted at different energies and Fig. 4 shows a typical MAD plot for reaction 19 F + 238 U at below barrier energy corresponding to • to 160
• . It is seen that that mass ratio is independent of θ c.m. suggesting there is no significant correlation between mass and angle of fragments in this reaction at any of the measured energies. No correlation is found in reaction 11 B + 238 U also. Fragment mass distribution measured in reactions 11 B+ 238 U and 19 F+ 238 U at two bombarding energies are shown in Fig. 5a-d . These energies correspond to below and above the barrier in respective cases. At all energies, the measured mass spectra from both reactions could be described by a single symmetric Gaussian centered around mass ratio 0.5. As the excitation energy in fissioning nuclei increases, the mass width increase as a function of temperature as expected. There is no significant deviation from symmetric Gaussian shape at any of the measured energy point which signify fully mass equilibrated fusionfission dominating in both reactions.
In earlier works, the nearby reaction 16 O+ 238 U showed skewness in mass distribution and enhancement in mass width at low excitation energies due to deformation dependent QF [7, 22] . Present measurement did not show any such behavior in reaction 19 ance did not show anomalous enhancement at low excitation energy region. For these systems, the theoretical mass distribution has been simulated using statistical code GEMINI ++ [32] which showed the predicted mass distribution closely matching with experimental data in both cases. We assume that the measured mass distribution in these reactions follow normal fusion-fission at all measured energies. The absence of any mass angle-correlation also suggest that the reactions are mainly dominated by fission events followed from mass equilibrated system. The entrance channel parameters for these reactions are shown in Table 1 .
Angular Distribution
Angular distribution measurement of fragments in reaction 19 F + 238 U around barrier energy was performed using the hybrid detector telescope array (HyTAR) facility setup inside the scattering chamber. The array consist nine ∆E(gas ionization) and E (Silicon) detectors for particle identification based on differential energy loss method. The DC beam of 19 F ions with energies ranging from 96 MeV to 121 MeV was used to bombard the 238 U target. The angular range covered from 70
• to 170
• with respect to beam direction. The data analysis was performed to determine the anisotropy in angular distribution.
Angular anisotropy
After applying the Jacobian for conversion of data from lab frame to centre-of mass frame, the angular anisotropy has been extracted from the ratio • respectively. The experimental anisotropy has been then compared with anisotropy calculated according to the statistical saddle point model (SSPM). Figure 6 displays the ratio of measured anisotropy to theoretical anisotropy as a function of energy for present reaction 19 F + 238 U along with data from reaction 16 O + 238 U [5] . Similar to 16 O induced fission, anomalously large anisotropy is observed in present reaction also. Figure 6 . Ratio of measured anisotropy to theoretical anisotropy plotted as a function of energy. Solid circle represent data for reaction 19 F+ 238 U and solid square corresponds data from 16 O+ 238 U [5] Anomalously large angular anisotropy has been observed in many other reactions using medium light projectiles (mass A p < 24) on various actinide targets 232 Th, 238 U and 237 Np around barrier energies [9] [10] [11] . Though large angular anisotropy has been attributed to non-compound process such as PEF and QF, there is no clear evidence of which process influence the dynamics at various stages of fission process. Large angular anisotropy in 19 F+ 238 U imply narrow K distribution suggesting incomplete shape equilibration, however there is no strong evidence of nonequilibration in mass degree of freedom. Symmetric mass distribution, normal mass width and absence of strong mass-angle correlation suggest that presence of QF may not be significant in reaction 19 F + 238 U at measured energies.
Neutron multiplicity measurement
Neutrons play a major role in the de-excitation process of heavy compound system. Neutron multiplicity is a sensitive observable for time scales and can be used as neutron clock. Since QF is fast process it is expected that average pre-scission neutron multiplicity will be lower in case of QF compared to fusion-fission [33] . Using mass gated neutron multiplicity measurements, extensive work has been carried out to discriminate fusion-fission and quasi-fission events based on the time scale involved in the process [34] . We have recently commissioned a large neutron detector array for studying the multiplicity of neutron emission in coincidence with fission fragments [35] . Using this facility experiment has been performed to extract mass gated neutron multiplicity from reaction 19 Figure 7 shows typical neutron-gamma discrimination from two dimensional plot between PSD and time of flight(TOF). The pre-scission and post-scission neutron multiplicities have been extracted using moving source fit applied to full set of experimental spectra. Global fitting for all neutron spectra were used to extract the parameters. Preliminary analysis shows that average pre-scission multiplicity is higher for asymmetric mass splits as compared to symmetric mass splits. Similar observation has been reported in reaction 19 F+ 209 Bi at 108 MeV beam energy [36] . The higher multiplicity for asymmetric mass region suggest the presence of multi-chance fission leading to asymmetric masses and more neutrons. Preliminary results are shown in Table 2 . The facility has been recently used for measuring mass gated neutron multiplicity in heavy systems using projectile 48 Ti on 208 Pb target.
Conclusion
Fission fragment mass distributions have been measured for fission induced by projectiles such as 11 B, 12 C, 19 F on Pb and U targets in series of experiments performed at near barrier energies. Fission fragments were detected in coincidence using pair of MWPCs in time of flight setup and fragment's velocity components were extracted to generate mass distribution. For all reactions the mass distributions could be described by symmetric Gaussian. For 225,227 Pa nuclei formed in fusion of 19 F + 206,208 Pb, the mass variance found to increase at below barrier energies.
Such enhancement in mass variance of at low energies have been observed in other light actinide nuclei 224, 226 Th and 228 U where asymmetric and symmetric mass division were observed.
The role of deformation and mass asymmetry has been explored by measuring mass distribution in 11 B, 19 F + 238 U reaction and angular distribution in 19 F + 238 U reactions. In both systems mass distribution found to be symmetric and matches with GEMINI ++ model calculations. No strong evidence of mass asymmetry or deformation influencing the mass equilibration found in these reactions. However measured angular anisotropies of 19 F + 238 U reaction showed anomalous large anisotropies deviating from SSPM predictions. This may suggest that in 19 F + 238 U there is evidence of fission events without equilibration in K degree of freedom but fully equilibrated in mass degree of freedom.
